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Borosilicate glass-ceramics are being developed to immobilize high-level waste generated by aqueous
reprocessing into a stable waste form. The corrosion behavior of this multiphase waste form is expected
to be complicated by multiple phases and crystal-glass interfaces. A modiﬁed single-pass ﬂow-through
test was performed on polished monolithic coupons at a neutral pH (25 C) and 90 C for 33 d. The
measured glass corrosion rates by micro analysis in the samples ranged from 0.019 to 0.29 g m2 d1 at a
ﬂow rate per surface area ¼ 1.73  106 m s1. The crystal phases (oxyapatite and Ca-rich powellite)
corroded below quantiﬁable rates, by micro analysis. While, Ba-rich powellite corroded considerably in
O10 sample. The corrosion rates of C1 and its replicate C20 were elevated an order of magnitude by
mechanical stresses at crystal-glass interface caused by thermal expansion mismatch during cooling and
unique morphology (oxyapatite clustering).
© 2016 Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).1. Introduction
Borosilicate glass-ceramics are being developed as a highly
waste-loaded alternative to borosilicate glass for the immobiliza-
tion of high-level waste (HLW) that will be generated by future
aqueous reprocessing schemes (e.g., TRUEX) to recycle used nuclear
fuel [1,2]. Borosilicate glass is a widely accepted waste form for
immobilization of HLW that has been utilized by France, the United
States, Great Britain, Germany, and Japan, because the glass struc-
ture can accommodate a wide range of ﬁssion products [3e9].
Some HLW components such as Mo, lanthanides (Ln), and noble
metals (e.g., Pd, Rh, Ru) have limited solubility in the glass phase,
leading to phase-separation and/or crystallization even at a.
s article under the CC BY license (hrelatively low waste loading of 18 mass% [1,10].
The goal for developing the glass-ceramic waste form as an
alternative to borosilicate glass is to accommodate insoluble com-
ponents and radioactive ﬁssion products into speciﬁc durable
crystalline phases by tailoring the chemistry and cooling rates of
the canistered waste form [1]. The targeted crystalline phases are
powellite (XMoO4; X ¼ alkali, alkaline earth, and/or Ln); oxyapatite
(Y2Ln8Si6O26; Y ¼ alkali and/or alkaline earth); cerianite
(CexZr1xO2); pollucite (CsxRb1xAlSi2O6); and Ln-borosilicate
(Ln3BSi2O10). By targeting these phases, the waste loading is
increased from ~20mass% to between 45 and 55mass% in the glass-
ceramic waste form. The use of these targeted crystalline phases
facilitates the high waste loading while accommodating the
increased radioactive decay heat because of their thermal stability
with respect to additional phase changes.
Glass ceramics present more challenges than a single-phase
glass in terms of controlling phase chemistry and microstructurettp://creativecommons.org/licenses/by/4.0/).
Table 1
Glass-ceramic target and calculateda ﬁnal glass compositions.
Component Composition, mole fraction
C1 & C20
Start
Glass
C1
Final
Glass
C20
Final
Glass
O10
Start
Glass
O10
Final
Glass
O16
Start
Glass
O16
Final
Glass
Al2O3 0.038 0.047 0.047 0.065 0.078 0.065 0.077
B2O3 0.113 0.142 0.140 0.080 0.096 0.080 0.118
CaO 0.085 0.043 0.044 0.060 0.019 0.140 0.101
Li2O 0.033 0.041 0.040 0.000 0.000 0.060 0.089
Na2O 0.041 0.048 0.047 0.090 0.105 0.020 0.021
SiO2 0.477 0.525 0.525 0.520 0.572 0.440 0.433
MoO3 0.042 0.000 0.000 0.037 0.000 0.039 0.004
SrO 0.015 0.005 0.005 0.013 0.002 0.013 0.011
BaO 0.022 0.028 0.028 0.019 0.023 0.020 0.030
Rb2O 0.004 0.004 0.004 0.003 0.004 0.003 0.002
Cs2O 0.016 0.020 0.020 0.014 0.016 0.015 0.009
Ce2O3 0.015 0.005 0.006 0.013 0.006 0.013 0.007
Eu2O3 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Gd2O3 0.001 0.001 0.001 0.001 0.001 0.001 0.001
La2O3 0.008 0.004 0.004 0.007 0.004 0.007 0.006
Nd2O3 0.024 0.009 0.010 0.021 0.010 0.022 0.015
Pr2O3 0.007 0.005 0.005 0.006 0.004 0.006 0.004
Sm2O3 0.005 0.004 0.004 0.004 0.004 0.004 0.005
Y2O3 0.004 0.004 0.004 0.004 0.003 0.004 0.004
ZrO2 0.038 0.047 0.047 0.033 0.039 0.034 0.045
Others 0.014 0.017 0.017 0.012 0.014 0.013 0.019
Total 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Waste Loading,
mass%
47.4 26.2 27.0 41.9 24.4 44.6 23.8
a Final glass compositions calculated based on measured crystal fraction and
crystal compositions, waste loading in ﬁnal glass is the mass% of the total
(glass þ crystal phases).
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performance. The major goal is to produce a waste form that is
chemically durable by consistently achieving the targeted phases,
microstructure, and residual glass composition without creating a
bulk glass or interface glass phase that have low chemical dura-
bility. In addition, the microstructure should to be controlled such
that mechanical stresses are managed to avoid cracking/separation
of the crystals from the glass phase.
Recent work has demonstrated that the targeted crystalline
phases can be achieved over a range of chemistries, waste loadings,
and slow-cooling rates in the laboratory [11]. In addition, one
composition has been successfully processed with an engineering-
scale cold-crucible induction melter, where the targeted glass-
ceramic was achieved upon slow cooling in an engineering-scale
canister [11]. A limited number of glass-ceramic compositions
that were subjected to the product consistency test (PCT) [12]
showed low normalized concentrations for B, Na, Li, Mo, and Si in
solution (<0.8 g L1) for the bulk waste form in static conditions at
90 C between 3 and 28 d [13].
In the work reported here, polished monolithic glass-ceramic
coupons were subjected to a modiﬁed single-pass ﬂow-through
(MSPFT) corrosion test in a buffered solution at a neutral pH (25 C),
90 C, and with a ﬂow rate per surface area (q/s) of
1.73  106 m s1 for 33 d in dilute solution conditions. This
allowed for the determination of bulk glass ceramic corrosion rates
based on couponmass loss. The bulk corrosion rates of the coupons
as well as the corrosion rates of individual phases were determined
by microanalysis of the coupons in cross section using scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), energy dispersive spectroscopy (EDS), X-ray diffraction
(XRD), and time-of-ﬂight secondary ion mass spectrometry (TOF-
SIMS).
2. Experimental setup
2.1. Fabrication
Glass-ceramics with target compositions shown in Table 1 were
made as 500 g batches from reagent-grade oxides, carbonates, and
boric acid and homogenized for 4 min in an agate milling chamber.
The component listed as “Others” in Table 1 was composed of a
mixture of reagent grade 0.017 PdO, 0.065 RhO2, 0.167 RuO2, 0.054
Ag2O, 0.098 CdO, 0.084 SeO2, 0.052 SnO2, and 0.463 TeO2, given in
mole fraction. The “Others” component was a subset of waste
components and varied accordingly with waste loading. Each batch
was melted twice in a lidded Pt/10% Rh crucible between 1250 C
and 1450 C for 1 h and quenched on an Inconel plate in air; be-
tween the ﬁrst and second melts, the glass was ground in a tung-
sten carbide mill for 4 min. The quenched glass was then reheated
to the melting temperature for 30 min and slowly cooled down to
400 C, based on the centerline cooling temperature proﬁle of a
0.61-m (2-ft) diameter canister [14]. The phase assemblages of the
slow-cooled glass-ceramic samples were characterized by XRD and
SEM-EDS.
2.2. X-ray diffraction
X-ray powder diffraction was performed to determine the
crystalline phases and their concentrations in the slow-cooled
glass-ceramic specimens. Specimens were prepared for XRD by
grinding them to a very ﬁne powder and doping the powder with a
known concentration (mass%) of Standard Reference Material
#674b (TiO2, rutile) to facilitate phase quantiﬁcation including the
amorphous fraction [15]. The XRD patterns were collected with a
Bruker D8 Advance XRD system (Bruker AXS, Madison, WI)equipped with a Cu target (Ka1 ¼ 0.15406 nm) over a scan range of
5e75 2q using a step size of 0.015 2q and a hold time of 4-s per
step. The scans were analyzed with TOPAS (v4.2) whole-pattern-
ﬁtting software according to the fundamental parameters
approach [16]. Structure patterns were selected from the Inorganic
Crystal Structure Database (release 2013) with unit cell dimensions
reﬁned during the ﬁtting process of each pattern. The amorphous
content of each specimen was determined by difference after
crystalline phases were quantiﬁed and renormalized based on the
concentration of the known internal standard (rutile).2.3. Modiﬁed single-pass ﬂow-through test
Modiﬁed single-pass ﬂow-through tests were performed on a
set of slow-cooled glass-ceramic coupons. Corrosion experiments
were conducted using the MSPFT apparatus shown in Fig. 1 [17]. A
syringe pump (Norgren Kloehn; Las Vegas, NV) was used to pump
the buffered solution from the input reservoir to the reactor vessel
inside the oven through Teﬂon® tubing. The Teﬂon reactor was a
two-piece system consisting of the reactor base threaded together
with the lid containing the inlet and outlet ports. The reactor had a
diameter of 85 mm and a height of 121 mm, giving a total inner
volume of 500 mL. The efﬂuent solution then ﬂowed out of the
reactor to a collection bottle placed outside of the oven. The buff-
ered solution was 0.05 M THAM hydroxymethyl-aminomethane
adjusted to pH 7 (at 25 C) through the addition of concentrated
HNO3.
The coupons were sectioned and polished on both sides to a
ﬁnal ﬁnish of 0.25 mm before beginning the experiment. The pol-
ished surface was masked at three locations, ~2 mm in diameter,
with silicone sealant (Loctite 595 Silicone Sealant, Düsseldorf,
Germany) to provide three reference points to the pristine starting
coupon surface for measurements of alteration layer thickness by
Fig. 1. A simpliﬁed schematic of the MSPFT apparatus [17].
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composition were suspended in the same reactor with Teﬂon
thread.
Experiments were conducted for 33 d at 90 C and neutral pH
(25 C). The pHwas monitored throughout the test at the inlet with
a precision of ±0.02 pH units, and efﬂuent solution measurements,
including pH, were made at room temperature. The pH probes and
associated electronics were calibrated with buffer standards of pH
4, 7, and 10 (Thermo Fisher Scientiﬁc; Waltham, MA) and then
veriﬁed with another set of buffers (ERA; Golden, CO) before each
specimen measurement. The efﬂuent pH was measured in the
collection bottles within 1 h of removal from the efﬂuent line. The
ﬂow rate through the reactor was 200 mL d1 (2.31  109 m3 s1)
and the total surface area for all the coupons inside the reaction
vessel was 1.34  103 m2, which gave a ﬂow rate per surface area
(q/S) value of 1.73  106 m s1. This value was selected to provide
dilute conditions because it is roughly an order of magnitude higher
than q/S values that are considered inﬁnitely dilute for a simulated
low-activity nuclear-waste glass [18]. Flow rates were determined
from gravimetric analysis of the efﬂuent container. Variations in
ﬂow rates were within ±1% of the targeted rate.
At the conclusion of the test, the coupons were removed from
the reactor, triple rinsed with distilled deionized water, and then
triple rinsed with ultrapure ethanol. The coupons were then dried
in an oven at 90 C for 30 min. Corrosion rates for the specimens
were determined by mass loss and measurement of the altered-
layer thickness in the cross-sectioned coupons with SEM image
analysis. SEMmeasurements of corrosion layer thickness were used
to calculate corrosion rates using equation (1), where: R is corrosion
rate (gm2d1), X is measured corrosion thickness (by SEM), r is
sample density (3.1 g/m3), and d is test duration.
R ¼ Xr=d (1)
Additional microanalysis techniques were used to characterize
the alteration as described in the following sections. To be clear,
these tests deviated from the SPFT test in that 10 samples were
placed into a single reactor, no elemental solution analysis was
performed, and corrosion rates were determined by mass loss of
the coupon and measurement of the corrosion layer thickness with
SEM.2.4. Scanning electron microscopy
The SEM analysis was performed on glass ceramics beforetesting and on cross-sectioned coupons in corroded (surface) and
uncorroded (bulk) regions after the tests to determine corrosion
rates, corrosion behavior, and how these related to the glass-
ceramic microstructure using a JSM-7001F microscope (JEOL USA,
Inc.; Peabody, MA) with a backscattered electron detector. This was
done in an attempt to understand the relationship between the
dissolution behaviors of the individual phases in the glass ceramic.
Cross-sections were made through samples where a masked spot
was also intersected to provide a pristine coupon surface to refer-
ence all corrosion measurements. The SEM was also coupled to an
Apollo XL Si-drift EDS detector (SDD) (AMETEK; Newark, NJ) that
was used to perform elemental mapping and spot analysis.
The average corrosion layer thicknesses at the coupon surfaces
were measured at three or more locations with Scandium image
analysis software (Olympus; Center Valley, PA) using a ruler tool
calibrated to the scale bar of the imported micrographs. For spec-
imens with crystal-glass interface corrosion, gray-scale threshold
image analyses were performed to determine the volume fractions
of corroded glass at the crystal-glass interface. Corrosion mea-
surements were made relative to the masked (unaltered) surface.
The corrosion layer thicknesses reported are the total thickness of
the dissolved material plus the altered material.
2.5. Transmission electron microscopy
The TEM analysis was done on a specimen of C1-2013 that was
cut (removed) from the polished thin section in the unreacted re-
gion with a Quanta 200 3D dual-beam focused-ion-beam (FIB)
microscope (FEI; Hillsboro, OR). Once the region of interest was
identiﬁed, a thin layer of organometallic Pt was deposited on the
region in the shape of a bar and then a traditional FIB TEM lift-out
was performed. Next, the lifted out portion was attached to a lacy
carbon TEM grid and the specimen was thinned to electron trans-
parency. The FIB specimen was then analyzed on a JEOL ARM 200F
TEM at an accelerating voltage of 200 kV in scanning TEM (or STEM)
mode. Probe sizes between 0.136 and 0.220 nm (~10.5e194 pA)
were used to analyze the specimen with EDS on a JEOL Centurion
SDD. Also, JEOL high-angle annular dark-ﬁeld (HAADF) and bright-
ﬁeld (BF) detectors were used for imaging with the specimen tilted
to a low-index zone axis for atomic column resolution.
2.6. Time-of-ﬂight secondary ion mass spectrometry
A time-of-ﬂight-secondary ion mass spectrometer (ToF-SIMS;
TOF.SIMS5, IONTOF GmbH, Münster, Germany) was used to
perform elemental mapping on select specimens with a lateral
resolution of ~200 nm. A thin layer of Au (~10 nm)was deposited on
the specimen surface to reduce the charging effects. To remove the
Au layer for analysis and remove possible surface contamination, a
1.0 keV O2þ beamwas used as a sputter beam,whichwas scanned on
a 200  200 mm area until a stable signal was obtained. Analysis
was performed by scanning a 25.0 keV Biþ beam on a 20  20 mm
area around the center of the O2þ crater. The secondary ion images
were taken after the O2þ beam cleaning, with 256  256 pixels per
image for all measurements.
3. Results and discussion
3.1. Pre-alteration characterization
The phase assemblages of the slow-cooled glass-ceramic spec-
imens were determined with XRD and are given in Table 2. Oxy-
apatite was the most abundant crystalline phase in the four
specimens, followed by powellite. For the powellite structure, two
distinct unit cells were observed in the C1-2013, C20-2013, and
Table 2
Quantitative phase assemblage determined from X-Ray diffraction in mass%.
Phase ID Crystal chemistry Composition, mass%
C1-2013 O10-2013 O16-2013 C20-2013 (C1-2013 replicate)
Oxyapatite Ca2Ln8Si6O26 18.6 14.4 19.1 17.3
Powellite CaxSr1xMoO4 9.1 5.5 8.4 8.8
Powellite 2 CaxBa1xMoO4 0.4 4.4 e 0.9
Pollucite CsxRb1xAlSi2O6 e e 9.0 e
Cerianite CexZr1xO2 e e 0.6 e
Glass (remainder phase) 71.9 75.7 62.9 73.0
Total 100.0 100.0 100.0 100.0
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where one was CaeSr-rich and the other was CaeBa-rich. Pollucite
and cerianite were observed in the O16-2013 specimen.
Spot SEM-EDS analysis of the C1-2013 and O16-2013 specimens
was performed to determine the elemental distributions in each
crystalline phase and the results are shown in Table 3. The oxy-
apatite phase contained a large fraction of Ln, Ca, and Si, while the
powellite contained large fractions of the Mo, alkaline earths, and
small fractions of Na and Ce. The O16-2013 specimen contained
pollucite that was concentrated with Si, Al, and Cs. The trace phase
cerianite contained mainly Zr, Y, and Ce oxides.
Calculated ﬁnal glass compositions after crystallization, given in
Table 1, were determined by subtracting the fraction of each
component removed from the glass by crystallization upon slow
cooling from the target glass composition (startingmelt chemistry).
These are considered best estimates based on the analyzed com-
positions of each crystalline phase and the corresponding
measured mass% in the glass ceramic.
The waste loading in the ﬁnal glass dropped between 42 and 47
mass% from the starting melt compositions upon slow cooling, so
the crystalline phases contained over half of the waste. A large
fraction of the lanthanides, CaO, SrO, and MoO3 reported to the
crystalline phases, while the Cs2O and ZrO2 remained in the glass
phase. The concentration of additives Al2O3, B2O3, and SiO2
remained similar or became more concentrated in the ﬁnal glass.
The morphologies of the specimens are shown in Fig. 2 where
the oxyapatite crystals are shown in cross section through the short
(Fig. 2a, c, e) and long (Fig. 2b, d, f) axes. The oxyapatite crystals are
very long, needle-like crystals with sharp, well-deﬁned edges and
glass-ﬁlled interiors. The sizes of the oxyapatite crystals measuredTable 3
Standardless quantitative elemental analysis of C1-2013 and O16-2013 specimens
normalized to moles per crystal unit.
Element C1-2013 O16-2013
Moles Powellite Oxyapatite Powellite Pollucite Oxyapatite
Al e e e 0.9 e
Si e 5.8 e 2.3 6.8
Na 0.1 e e 0.1 0.7
Rb e e 0.1 e e
Cs e e e 0.6 e
Ca 0.5 2.4 0.8 0.1 3.4
Sr 0.2 e 0.1 e 0.2
Mo 1.2 e 1.0 e e
Y e 0.3 e e 0.2
La e 0.9 e e 0.5
Ce e 2.2 e e 1.4
Pr e 0.6 e e 0.6
Nd e 3.5 e e 2.0
Sm e 0.3 e e 0.2
Oa 4.0 26.0 4.0 6.0 26.0
Total 6.0 42.0 6.0 10.0 42.0
a Concentration is assumed based on crystal structure.across the short axis with SEM varied signiﬁcantly with
7.74 ± 4.83 mm for C1-2013, 16.16 ± 12.54 mm for O10-2013, and
29.41 ± 9.01 mm for O16-2013. The long axis for oxyapatite could
not be measured because no crystals were found in the specimens
prepared that were perfectly parallel to the cross section due to
their long length. The powellite crystals were well deﬁned in the
C1-2013, O16-2013, and C20-2013 specimens. Alternatively,
powellite in the O10-2013 specimen had poorly deﬁned edges with
an overall shape of a droplet. Measured sizes for the powellite
crystals with SEM were 3.69 ± 1.55 mm for C1-2013, 5.34 ± 3.18 mm
for O10-2013; and 10.76 ± 2.89 mm for O16-2013. The pollucite
crystals were large dendritically-shaped crystals with poorly
deﬁned edges. In the C1-2013 and C20-2013 specimens, the small
oxyapatite crystals appeared to have grown in clusters where
oxyapatite crystals all had the same long axis orientation. Powellite
crystals were also found to grow within these the clusters.
These clusters most likely were the result of large droplets that
formed above the crystallization temperature due to liquid-liquid
phase separation. Liquid-liquid phase separation was previously
reported [11] in these glass-ceramics where it was proposed that a
Ln-rich silicate liquid phase and a Mo-rich phase separate from the
borosilicate phase as droplets that then crystallize at lower tem-
peratures into oxyapatite and powellite, respectively. The pathway
through the liquid-liquid phase separation dome impacts the
crystalline morphology of the specimens and most likely explains
the large clusters observed in C1-2013 and C20-2013 compared
with the O10-2013 and O16-2013 specimens.3.2. MSPFT results
Recent work by Tournie et al. [19] showed that THAM buffer can
complex with boron leading to enhanced release rates from boron-
containing phases; in this case the glass phase contains boron.
However, Tournie et al. showed the THAM effect was minimized for
solutions pH adjusted with HNO3. So, while the THAM buffer may
have increased the release rates of the glass phase, the effect should
be minimal, and it should not signiﬁcantly impact the relative
release rates of the glass phase as a function of sample chemistry
because the boron concentrations in the glasses are all similar.
The bulk corrosion rates shown in Table 4 were determined by
coupon mass losses (±0.1 mg) following the MSPFT tests and by
physically measuring the thickness of the corrosion layer at the
coupon surfaces in an SEM. The mass changes of the coupons were
small and near the detection limit of the balance used. Next, cross
sections of the coupons weremade and examined with SEM-EDS to
determine the corrosion rate of the glass and crystalline phases
relative to the masked (uncorroded) portion. The glass phase was
the only phase that dissolved at ameasurable rate according to SEM
measurements. The oxyapatite crystal dimensions remained
mostly unchanged, with only minimal corrosion (unquantiﬁable)
based on small imperfections, possibly pitting, at the outer surface
of the coupon (example in Fig. 3). In sample O10-2013, two
Fig. 2. Backscattered SEM micrographs at 1000 showing the crystal morphologies for specimens a,b) C1-2013, c,d) O10-2013, and e,f) O16-2013. The phases (1), (2), and (3) in (e)
denote oxyapatite, pollucite, and powellite, respectively.
Table 4
Modiﬁed Single-pass ﬂow-through corrosion rate of the waste form determined by
mass loss and SEM corrosion layer thickness (NM ¼ not measured). *Combined
rate ¼ coupon surface þ interface corrosion.
Sample ID Dissolution rate, g m2 d1
Mass
loss
Glass by SEM
(surface þ interface)
Glass by SEM
(coupon surface)
C1-2013 NM 0.13* 0.024
O10-2013 0.05 0.019 0.019
O16-2013 0.10 0.042 0.042
C20-2013 (C1-2013
replicate)
0.95 0.29* 0.014
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brighter powellite phase (Ba rich) appeared to corrode while the
darker powellite (Ca rich) phase did not.
Fig. 3a shows a backscattered electron SEM micrograph of C1-
2013 in cross section, where the surface of the coupon is at the
top of the image. Fig. 3b is a higher magniﬁcation view of the upper
left region in Fig. 3a, that better shows the interface corrosion at the
crystal-glass interface and it is evident that the glass corroded
relative to the crystals and the masked portion of the coupon.
Additionally, an altered glass region at the coupon surface wasobserved in the C1-2013, C20-2013, and C16-2013 samples like the
examples in Fig. 3. The altered glass layer in the C1-2013 specimen
was further investigated with SEM-EDS (Fig. 4) and TOF-SIMS
(Figs. 5 and 6) and found to be depleted in Li, Na, and B and
enriched slightly in K. No altered glass layer was found in the O10-
2013 coupon when examined in cross section; only an offset from
the crystalline phases to the glass surface was found.
The corrosion rates measured with SEM were lower than those
from the mass loss measurements, but were within the uncertainty
ranges of the mass loss rates, except for C1-2013 and C20-2013. The
reason for the differences seen in the C1-2013 and C20-2013
specimens was attributed to corrosion at the crystal-glass inter-
face (discussed in the next section). The SEM measurements were
considered more accurate than mass loss because the SEM had
excellent resolution tomeasure cross-sectional height changes, and
the masks locations provided accurate reference points to measure
from, i.e., the SEM results provided accurate physical measure-
ments of phase speciﬁc dissolution rates. The SEM measurements
were done in 10 locations on the coupon, in locations that were not
affected by imperfections in the surface such as voids. Some voids
were observed in the SEM that showed enhanced corrosion on each
of the coupons. These voids likely elevated the overall dissolution
rate of the coupon and help explain the higher mass loss
Fig. 3. Backscattered electron SEMmicrographs after MSPFT testing at 90 C for 33 d in cross-sectional view: A) C1 at 2000 showing corrosion at the surface of the coupon (tops of
images), B) higher magniﬁcation view of A) C1 at 9000 showing crystal-glass interface corrosion, C) and D) are sample C10 at 1400 and 2000 respectively, E) and F) are C16 at
1000 showing corrosion at the surface of coupon.
Fig. 4. Elemental SEM-EDS dot maps of cross-sectioned C1-2013 at the surface (top of maps) of the corroded region. Here, BSE denotes the backscattered electron SEM micrograph
where the glass is the gray matrix phase and powellite is seen as the lightly colored crystals in the micrograph.
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dissolution rate of the glass phase and conﬁrmed that the oxy-
apatite and Ca-rich powellite did not corrode signiﬁcantly during
the testing.
3.3. Investigation of crystal-glass interface corrosion
Specimens C1-2013 and C20-2013 contained altered glass at the
crystal-glass interface (Figs. 3b and 7) that was found around most
of the crystals that contact the coupon surface in addition to the
altered glass layer at the coupon surface. The presence of thealtered glass at the crystal-glass interface had an effect on the bulk
corrosion rate and explained the difference in corrosion rates
determined from coupon mass losses and the alteration layer
thicknesses of the glass at the surfaces of the coupons. The bulk
glass (coupon surface) in the C1-2013 and C20-2013 specimens
corroded at rates of 0.022 g m2 d1 and 0.024 g m2 d1,
respectively, which are similar to those of the O10-2013 and O16-
2013 test specimens. The interface corrosion increased overall
corrosion rates of C1-2013 and C20-2013 to 0.13 g m2 d1 and
0.29 g m2 d1, respectively.
The altered glass volume fraction at the crystal-glass interface
Fig. 5. ToF SIMS elemental maps for both the corroded and uncorroded regions of C1-2013.
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on multiple images from the test specimens. For example, image
analysis of the C20-2013 coupon revealed that the altered glass
accounted for ~10 vol% of the outer 48e68 mm of the C20-2013
coupon. Essentially, the altered glass at the grain boundaries
occurred along the full length of the oxyapatite and powellite
crystals in contact with the outer surface of the coupon indicating
that a pathway was available for water penetration down into the
bulk at the crystal-glass interface. If it is assumed that 10 vol% of the
outer ~60 mm of the coupon was altered (surface þ crystal
boundaries), the calculated corrosion rate was ~0.29 g m2 d1 for
C20-2013. The altered glass in C1-2013 along the crystal-glass
interface was further examined with SEM-EDS and TOF-SIMS in
an attempt to pinpoint the cause of the corrosion along the crystal-
glass interfaces. The impact of the interface corrosion is signiﬁcant
in terms of the overall release rate.
Potential causes for this selective corrosion include mechanical
stresses and/or compositional gradients around the crystals. In
order to determine if mechanical and/or chemical imperfections
were present at the crystal-glass interface, the interface was
examined in corroded and uncorroded regions to see if stress or
a composition gradient existed before corrosion. The SEMmicrographs of the crystal-glass interface in the uncorroded region
did not show any evidence of crystal pullout or cracks between the
crystals and the glass in the coupon, indicating that the crystals
were visibly attached to the surrounding glass. Alternatively, a few
crystals pulled out during cross sectioning in the corroded region of
the coupon and spaces (air gaps) were observed around several of
the crystals in the corroded region.
Elemental maps of the cross-sectioned C1-2013 coupon
(Figs. 4e6, and Fig. 8) in the region where corrosion occurred
revealed that the corroded glass at the crystal-glass interface was
elementally similar to the corroded glass at the coupon surface.
This interface corrosion occurred to crystals that were exposed at
the surface. The corroded regions were depleted in Li, Na, and B,
and somewhat enriched in K, Al, and Si. Based upon the similarity
between chemistry and corrosion layer thickness at the coupon
surface and crystal-glass interface, the water appeared to have
migrated down the crystal-glass interface rapidly. Essentially, the
glass at the crystal-glass interface corroded as if it was exposed at
the coupon surface. The oxyapatite and powellite crystals appeared
elementally uniform from the center to the edges throughout the
coupon cross section.
Elemental maps (Figs. 5 and 6) at the interior of the coupon
Fig. 6. ToF SIMS overlay maps for both the corroded and uncorroded regions of C1-
2013.
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throughout the glass phase as well as at the crystal boundaries.
Elemental line scans Fig. 9 collected at the oxyapatite-glass and
powellite-glass interfaces showed sharp interfaces of 15e20 nm by
STEM. The interfaces appear to be < 20 nm thick and were not
enriched in non-durable elements, thus should not be less durable
than the bulk glass.
Backscattered electron SEM micrographs in Figs. 3 and 7
correlate well with the elemental mapping, showing a darker
layer (lower average atomic number) in the glass phase at thecrystal-glass interface where alteration occurred (Fig. 7b), and no
contrasting layer in the glass phase at the coupon interior where
alteration did not occur (Fig. 7a). These results again indicate that
there was no preexisting layer of glass at the crystal-glass interface
that was chemically different from the bulk glass before the MSPFT
tests were performed but does not rule out a zone of stress that
could easily result in a fracture or accelerated dissolution with an
advancing H2O front.
It is very difﬁcult to measure the stress at the interface since the
glass phase cannot be probed for stress like an ordered material.
The ﬁne-scale crystallization makes it difﬁcult to easily observe
stress ﬁelds at the interface optically. Thus, we mainly relied on the
differences in coefﬁcients of thermal expansion (CTE) between the
various phases to predict the associated stresses at the interfaces.
Differences in CTE between crystals and the glass lead to me-
chanical stress at the interface and could result in a fracture and/or
separation of the crystals from the glass during the fabrication of
the glass-ceramic during cooling or during exposure to the MSPFT
solution. This would provide a path for water to inﬁltrate and react
with the crystal and/or glass at the interface. According to the
literature, the CTE values for each axis of the crystal lattice of
oxyapatite are a ¼ 4.8  106 and c ¼ 1.8  106 K1 [20], those for
powellite are a ¼ 13.5  106 and c ¼ 22.8  106 K1 [21], and the
CTE measured for a glass-ceramic with very similar composition
was 8.4 106 K1 up to the glass transition temperature [22]. Both
crystal phases have anisotropic expansion that could cause
different stress ﬁelds around each. These literature data indicate
that oxyapatite crystals expand less than the glass phase, which
would cause them to be under compression, whereas the powellite
crystals expand more and would be under tension within the glass
network. However, for the C1-2013 and C20-2013 samples, the
oxyapatite phase forms in large clusters of crystals (see Fig. 2a and
b) and the clusters can only be compressed until the oxyapatite
crystals at the outer edge of the cluster contact each other. Then the
oxyapatite cluster can no longer be compressed and the glass inside
the cluster will begin to pull away from the oxyapatite during
cooling. In contrast, the powellite will pull away from the glass in
either situation. This likely explains why the crystal-glass interface
corrosionwas only observed in the samples with clustering because
the clusters created a situation where oxyapatite was no longer
under compression and the glass could pull away from the
oxyapatite.
The crystal-glass interfaces in the unreacted glass-ceramic (C1-
2013) were examined in the TEM to look for evidence of cracks
caused by mechanical stress. The images did not show evidence of
cracking at the interfaces between the glass and the powellite or
oxyapatite crystals (Fig. 10). Instead, the micrographs showed well-
ordered structures that transitioned into an amorphous matrix
without any visible gap between the phases. The powellite-glass
and oxyapatite interfaces were very abrupt with no signiﬁcant
changes in the crystal or near the interface.
In summary, the results of examining the C1-2013 corroded
coupon did not reveal any direct evidence that the crystals were
physically separated from the glass phase, and there was no pre-
existing chemical zone in the glass phase contacting the crystals
prior to the MSPFT test. However, after the MSPFT tests examina-
tion of the crystal-glass interface by STEM-EDS (Fig. 8) revealed
gaps around many crystals inside the oxyapatite clusters and
altered glass depleted in Na.
In addition, the phases found in C1-2013 and C20-2013 were the
same as those found in O10-2013 and O16-2013. However, the
morphology of C1-2013 and C20-2013 were different from that of
O10-2013 and O16-2013 as seen in Fig. 2. Specimen C1-2013 and
C20-2013 had large clusters of much smaller oxyapatite and
powellite crystals with a lot of voids within the crystals, in contrast
Fig. 7. Backscattered electron SEM micrographs of C1-2013 coupon in cross section showing crystal-glass interfaces at the a) middle of the coupon (unreacted zone) and b) at the
outer edge of coupon (reacted zone).
Fig. 8. STEM-EDS analysis of cross-sectioned C1-2013 at the crystal-glass interface in the corroded region. Interface has a gap (up to ~80 nm) then a region of altered glass
(~450 nm) depleted in Na.
Fig. 9. EDS elemental line scans of the crystal-glass interfaces: oxyapatite-glass (left).and powellite-glass (right), collected by STEM located in the areas circled in before MSPFT.
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inside the clusters where oxyapatite was in tensile stress instead of
compressive stress. Additionally, oxyapatite crystals in C1-2013 and
C20-2013 appeared to have grown very directionally in clusters
with glass and powellite inside. This is the major difference visually
observed in the SEM micrographs of the three glass-ceramic
specimens. It is likely that having clusters would change the
localized stress within the cluster at the crystal-glass interfacesduring cooling compared to the larger, isolated crystal morphology
of the O10-2103 and O16-2013 specimens. Inside the cluster, the
glass was in tension with the oxyapatite and powellite being in
tension with the glass, having an additive effect. Outside the clus-
ters and in samples without clusters, the stresses could cancel each
other because oxyapatite and glass were in compression while
powellite and glass were in tension.
Fig. 10. (a) A SEM micrograph of the FIB section. (b) A TEM micrograph of the FIB section at higher magniﬁcation in dark ﬁeld mode (DF). Micrographs from HAADF/STEM of the
oxyapatite phase in (c) bright-ﬁeld (BF) and (d) DF. Micrographs from HAADF/STEM of the powellite phase in (e) BF and (f) DF.
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The dissolution rates of three glass ceramic compositions were
measured in dilute conditions using a MSPFT method. In all three
compositions the glass phase was dissolved while the oxyapatite
and powellite were signiﬁcantly more resistant. The physical
measurements of the glass alteration layer by SEMwere performed
accurately andwere not confounded by imperfections such as voids
or elemental release frommultiple phases. The measured corrosion
rates of the glass phase in the samples were: C1 ¼ 0.13 g m2 d1,
O10 ¼ 0.019 g m2 d1, O16 ¼ 0.042 g m2 d1, and
C20 ¼ 0.29 g m2 d1, at a ﬂow rate per surface
area ¼ 1.73  106 m s1.
Interface corrosion was observed in the C1-2013 and C20-2013
coupons that signiﬁcantly increased the corrosion rates and,based on the results from several different types of analysis per-
formed here, the cause for this was attributed to be mechanical
stresses at the interface of the various phases due to CTE mis-
matching. The mechanical stress was revealed once the water
began to inﬁltrate the crystal-glass interface during the MSPFT
testing. The CTE mismatch was sufﬁcient to provide stress inside
the large crystal clusters that triggered physical separation at the
crystal-glass interface in the presence of solution. Note that the
conﬁguration inside the clusters (observed in samples C1 and C20)
was different than in samples without clusters. Within clusters, the
glass pulled away from the oxyapatite and powellite, under additive
stresses. Without clusters, the glass compressed around the oxy-
apatite and pulled away from the powellite, effectively canceling
the stresses. This change in conﬁguration inside the clusters
resulted in cracking at the interfaces in the presence of solution. No
J.V. Crum et al. / Journal of Nuclear Materials 482 (2016) 1e11 11signiﬁcant changes in chemistry existed at the interface between
glass and the crystalline phase(s) prior to MSPFT in the elemental
mapping and line scans.
The effect of the localized corrosion at the crystal-glass interface
in some of the glass-ceramics had a signiﬁcant impact on the waste
form due to increase surface area. For example, the glass phase in
test specimen C1-2013 had a corrosion rate of 0.024 g m2 d1, but
taking into account the interface corrosion increased the overall
corrosion rate of the waste form to 0.13 g m2 d1. For this reason,
the cause of the interface corrosion needs to be fully understood so
that the microstructure can be controlled, thus minimizing the
interface corrosion.
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